1. Introduction {#sec1}
===============

Lithium-ion batteries (LIBs) are currently the main rechargeable power source found in portable devices and electric vehicles (EVs), mainly attributed to the batteries' low production costs, high energy densities, and applicability to a wide range of devices. Significant attention is still paid to develop materials for LIBs with higher performances, reduced weight, and lower production cost.^[@ref1]^ While LIB positive electrodes (cathodes) for EVs rely on high power (fast charge and discharge) characteristics and are based on combinations involving cobalt and manganese, alternative chemistries such as lithium iron phosphate, which are better suited to a steady supply of energy, are increasingly used in energy-shifting applications. They can be designed in small units for applications in the residential sector, and they have proven to be commercially flexible.^[@ref1],[@ref2]^

However, further growth of commercial LIBs in electronic devices is hindered by their poor performance at low temperatures, Li dendrite formation, and capacity fading as compared to other materials. It is therefore imperative to find replacement materials for purely graphitic anodes, and a substantial research effort currently targets the synthesis of new and effective candidates, including metal dichalcogenides (MS~2~; M = Ta, W, Mo, W, etc.); metal oxides (e.g., SnO~2~ and TiO~2~); and silicon-based materials including SiO~2~ and lithium-metal alloys (Li~*x*~M).^[@ref1],[@ref2]^ Further improvements to the electrode design have been achieved by integrating more than one phase and/or compounds instead of structures composed of a single species to create grain boundaries or junctions maximizing the proportion of interfacial area within the electrode material. This interfacial design allows for better lithium insertion, as these grain boundaries act as active sites for the reversible reaction between lithium ions and atoms at and within this type of defect.^[@ref3]−[@ref10]^ In our previous work, we demonstrated that the presence of multiple phases of TiO~2~ and high-angle grain boundary defects in rutile TiO~2~ nanorod arrays results in a remarkably higher conductivity under illumination, enhancing the photoelectrochemical activity during water oxidation.^[@ref11]^

The anatase polymorph of TiO~2~ is a promising anode material in LIBs mainly because of its low cost, ready availability, great structural stability, and low volume variation upon intercalation--deintercalation reactions. Despite these advantages, anatase TiO~2~ electrodes suffer from low practical capacity (only ∼50% of the theoretical capacity 335 mA h g^--1^ is achieved in bulk electrodes) and severe capacity fading on full discharge to LiTiO~2~, which has extremely poor Li ion kinetics.^[@ref1],[@ref12],[@ref13]^ Its properties as an anode material can be improved by introducing synergistic TiO~2~--SiO~2~ domains to provide both high stability and capacity during cycling. The synergistic effect in SiO~2~--TiO~2~ composites will depend not only on their composition but also on the distribution of each metal oxide, that is, their interaction must be optimized to fully exploit the benefits of this solid mixture.^[@ref3],[@ref4],[@ref12],[@ref14]^

Zhang et al. reported hydrothermally synthesized TiO~2~--SiO~2~ composites with high grain-boundary densities as anodes with capacities of 233 mA h g^--1^ at 150 mA g^--1^.^[@ref4]^ Further studies using electrospinning techniques allowed the synthesis of flexible TiO~2~--SiO~2~--C films with a stable capacity of 380.1 mA h g^--1^ and capacity retention of 88% over 700 cycles.^[@ref14]^ In another recent study, the preparation of titanosilicate-derived nanosheets consisting of highly dispersed anatase TiO~2~ nanoparticles in a silica matrix gave rise to capacities of 998 mA h g^--1^ after 100 cycles at 100 mA g^--1^.^[@ref8]^ In the later study, the highly distributed TiO~2~ and SiO~2~ components in this material proved effective in achieving the optimized distribution of grain boundaries and improving the diffusion of Li^+^ ions further, resulting in the capacities reported above.^[@ref8]^

An approach that has not been studied to improve the stability in LIBs is to use bifunctional templating agents that induce the formation of mesoporous structures, while also aiding in the generation of active sites during and after synthesis.^[@ref15]^ This has been previously demonstrated in the synthesis of TiO~2~-containing TUD-1 (Technische Universiteit Delft) composites using triethanolamine (TEA) as a porogen in the synthesis of mesoporous silica for the photo-oxidation of propane. The formation of a Ti(IV)--TEA complex contributes to a more uniform distribution of TiO~2~ domains throughout the SiO~2~ structure, whereas the mesoporosity (induced by the decomposition of the Si(IV)--TEA complex, leading to (SiO~2~)~*n*~ and TEA phase-separation) is expected to facilitate deeper penetration of Li-ions into the material and reduce mechanical stress.^[@ref15]−[@ref17]^ Based on this, in the present work, we demonstrate the sol--gel synthesis of anatase TiO~2~ nanoparticles and their composite with TUD-1. The resulting material compares favorably with TiO~2~--TUD-1 composites as anodes for LIBs. A capacitance and lithium-intercalation mixed storage mechanism to explain the behavior observed is proposed. Thus, a straightforward and cost-effective pathway for the improvement of composite anodes with enhanced interfacial-structural characteristics for higher capacity retention during charge/discharge cycling is showcased.

2. Results and Discussion {#sec2}
=========================

The incorporation of anatase TiO~2~ into a TUD-1 matrix was performed in this work, and the composite was incorporated into LIB electrodes. The performance of the composite was then compared to an analogously prepared battery made with mesoporous (mp-TiO~2~) and commercial (COM-TiO~2~) crystalline anatase TiO~2~. We first used a sol--gel method based on the pioneering work of Jean and Ring in the nucleation and growth of mp-TiO~2~ microspheres.^[@ref19]^ By adding hydroxypropyl cellulose (HPC) as a surfactant, it was possible to prepare highly dispersed submicron-sized spheres consisting of amorphous TiO~2~ with high surface areas.^[@ref20]−[@ref24]^ HPC has been applied in the synthesis of dispersed particles, and its use for the steric stabilization of TiO~2~ microspheres has been described previously by Kim et al.^[@ref23]^ In the present work, the concentration of HPC played an important role in the growth rate of the particles as this growth rate is determined by the thickness of the surfactant layer, which controls the rate of diffusion of the reaction intermediates through the adsorbed layer.^[@ref19],[@ref23],[@ref25],[@ref26]^

The crystallization of anatase mp-TiO~2~ was accomplished by the treatment with aqueous sodium fluoride at high temperatures based on the previously reported observation that small, well-controlled amounts of fluoride ions induce the exclusive formation of the anatase phase ([Figures [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"} and [S1](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c00406/suppl_file/ao0c00406_si_001.pdf)).^[@ref11],[@ref27]−[@ref29]^ It is noteworthy that this synthetic route avoids the collapse of the amorphous structures during the crystallization process. As shown in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a,b, the size of the mp-TiO~2~ spheres remained (600 nm) unchanged after the aqueous thermal treatment, and a porous structure was evidenced using transmission electron microscopy (TEM, [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}c).^[@ref18],[@ref24],[@ref30]−[@ref32]^

![XRD (Cu Kα, λ = 1.5419 Å) patterns taken for anatase mp-TiO~2~, TUD-1 and their composites (indexed planes from anatase TiO~2~, JCPDS 84-1286, indicated above diffractogram).](ao0c00406_0002){#fig1}

![SEM (a,b) and HRTEM (c) images of mp-TiO~2~ samples taken without (a) and with (b,c) aqueous NaF treatment.](ao0c00406_0005){#fig2}

The TiO~2~--TUD-1 composites were synthesized by the incorporation of TiO~2~ nanoparticles into templated mesoporous siliceous oxide such as TUD-1 ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}). Accordingly, the sol--gel synthesis of TUD-1 silica ([Figure S2](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c00406/suppl_file/ao0c00406_si_001.pdf)) and its composites with TiO~2~ were performed using TEA as the templating agent and TEAOH as the base, following previous literature procedures.^[@ref15]−[@ref17],[@ref33]^

Fourier transform infrared (FTIR) was used to confirm the formation of Si--O--Si linkages and to study the incorporation of both titania and silica, as this represents an established technique for the detection of Si--O--Ti^4+^ bridges.^[@ref15],[@ref34]−[@ref38]^ Previous reports using (near-edge) the X-ray absorption fine structure (NEXAFS and EXAFS) on silica-titania sol--gel films have demonstrated the predominant presence of tetra-coordinated Ti^4+^ ions.^[@ref37],[@ref39],[@ref40]^[Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"} shows the main vibrational modes for silica TUD-1 at 1061, 788, and 451 cm^--1^, which can be attributed to the symmetric and antisymmetric Si--O--Si stretching vibration as well as the Si--O--Si bending mode, respectively. The spectrum for the samples containing Ti(IV) also contains an additional absorption at 934 cm^--1^, corresponding to the Si--O stretching vibration mode in Si--O--Ti bonds. The observation of this absorption confirms the incorporation of siliceous species in the Ti--O matrix during the condensation process.^[@ref36]−[@ref39]^

![FTIR spectra of TUD-1 (orange) and its respective composites with TiO~2~.](ao0c00406_0006){#fig3}

After [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"} confirmed the formation of TiO~2~ in the anatase form, the energy-dispersive X-ray spectroscopy (EDS) analysis ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}) revealed that the sample consisted of 81 wt % of TiO~2~, which corresponds to a 3.1 Ti/Si molar ratio. This elemental analysis is consistent with the retention of the initial Ti/Si molar ratio. The incorporation of titania during the formation of the TUD-1 framework was facilitated by TEA, as this agent acts simultaneously as the pore-forming agent and Ti-complexing agent, as depicted in [Chart [1](#cht1){ref-type="chart"}](#cht1){ref-type="chart"}a. The interaction between titanium and TEA has been studied previously and described as the formation of a dimer, the stability of which is higher compared to that of the Si--TEA complex ([Chart [1](#cht1){ref-type="chart"}](#cht1){ref-type="chart"}b).^[@ref17],[@ref41]^ The TEM micrographs shown in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}b,c verified the formation of a disordered porous structure, and the fringes observed in [Figure S3](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c00406/suppl_file/ao0c00406_si_001.pdf) corresponded to the presence of anatase TiO~2~ embedded in the TUD-1 structure.

![EDS spectrum (a) and HRTEM images (b,c) of the as-prepared TiO~2~--TUD-1 samples (3:1 Ti/Si molar ratio). Inset in (a) shows an SEM image of the sample.](ao0c00406_0007){#fig4}

![Ti(IV)--TEA (a) and Si(IV)--TEA (b) Complexes Formed during Mesoporous Formation](ao0c00406_0001){#cht1}

The formation of this Ti--TEA complex is also responsible for the location of Ti-centers after mixing, aging, and drying of the silica framework. Previous studies indicate that using TEA as the templating agent ensures the predominant location of Ti centers on the mesoporous walls of the silica framework, making possible remarkably higher catalytic activities for the epoxidation of cyclohexane compared to other titania--silica composites such as TiO~2~--MCM-41.^[@ref15]^

The incorporation of Ti centers on the wall of the mesopores of the silica framework could also be observed in the N~2~ adsorption isotherms ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}). Both TUD-1 and its composite showed type IV adsorption isotherms, which indicate the mesoporosity of the silica framework in conjunction with the SEM and HRTEM images ([Figures S2](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c00406/suppl_file/ao0c00406_si_001.pdf) and [4](#fig4){ref-type="fig"}).^[@ref42],[@ref43]^ Two different hysteresis loops were observed, which are attributed to internal effects introduced by the presence of TiO~2~ nanoparticles. In [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}b, the adsorption isotherm for the TUD-1 sample presents a hysteresis loop of type H1, which is commonly found in porous materials with narrow pore size distribution, while the hysteresis loop for the TiO~2~--TUD-1 composite ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}c) is related to the obstructed pores, limiting the mass-transfer emptying of the pores. This results in a steeper desorption branch from the body of the pores at lower relative pressures attained only after emptying of the pore's neck.^[@ref16],[@ref42]^

![N~2~ adsorption isotherms for calcined (a) mp-TiO~2~, (b) TUD-1, and (c) TiO~2~--TUD-1 (3:1) samples.](ao0c00406_0008){#fig5}

These materials were then combined with conductive carbon, incorporated into LIB electrodes under an argon atmosphere and their performance compared with that of an analogously prepared device made using a commercial nanocrystalline anatase sample (COM-TiO~2~, [Figure S4a](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c00406/suppl_file/ao0c00406_si_001.pdf)). Once the devices were constructed, they were left to rest for 2 h before being fully discharged. Finally, the discharge/charge cycles were performed at least 100 times.

Thermodynamically, the full lithiation of anatase TiO~2~ to Li~*x*~((Ti^3+^)~*x*~(Ti^4+^)~1--*x*~)O~2~ corresponds to a maximum theoretical capacity of 335 mA h g^--1^. However, this has been estimated to be only possible when the particle size is approximately 10 nm.^[@ref44]^ The cyclic voltammogram of the prepared mp-TiO~2~ in [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}a shows the lithiation/delithiation reactions at 1.64 and 2.01 V, respectively, with an additional cathodic process at 0.67 V during the first cycle that correlates to the irreversible formation of solid--electrolyte interfaces (SEIs).^[@ref45]^ The small deviation in the peak current positions has been attributed to the mechanical stresses in the anatase TiO~2~ crystal lattice induced during the discharge.^[@ref46]^ The cyclic voltammograms for the TiO~2~--TUD-1 composite ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}b) show equal behaviors with one anodic process at 0.69 V corresponding to formation of SEIs and a sharp current increase at potentials less than 0.5 V attributed to Li^+^ insertion into SiO~2~. The current maxima at 1.46/1.71 and 1.74/2.02 are assigned to the lithiation and delithiation processes of SiO~*x*~ and anatase TiO~2~ components, respectively.^[@ref45],[@ref47]^ The subsequent cyclic voltammograms showed good overlap for the composite electrodes, while this was not the case for the mp-TiO~2~ electrode, consistent with better reversibility for those electrodes containing TiO~2~--TUD-1 composites. The voltammograms obtained for the TUD-1 electrode ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}c) showed a definite current maximum arising from the formation of SEIs at 0.49 V and redox peaks related to the lithiation and delithiation of SiO~*x*~ species.^[@ref47]^

![Cyclic voltammograms measured for half cells incorporating mp-TiO~2~ (made in this work, a) TiO~2~--TUD-1, (b) and TUD-1 (c) electrodes (scan rate 0.05 mV s^--1^).](ao0c00406_0009){#fig6}

The charge/discharge profiles ([Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}a) for the devices made using mesoporous anatase mp-TiO~2~ contained a plateau at approximately 1.75 V corresponding to the formation of Li~0.5~TiO~2~ (Li^+^ + e^--^ + 2TiO~2~ → 2Li~0.5~TiO~2~), consistent with the cyclic voltammogram ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}a).^[@ref48]^ Interestingly, the profiles for both mp-TiO~2~ and COM-TiO~2~ ([Figure S4b](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c00406/suppl_file/ao0c00406_si_001.pdf)) showed a very short or even absent voltage plateau in the subsequent cycles. This type of behavior in the charge/discharge profiles are commonly observed when using nano-sized electrodes or materials with a high surface area and porosity. They can be ascribed to a pseudocapacitive interfacial lithium storage mechanism which operates in addition to the bulk lithium insertion (Faradaic) behavior.^[@ref49]−[@ref51]^ The COM-TiO~2~ electrode consisting of ∼20 nm particles ([Figure S4](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c00406/suppl_file/ao0c00406_si_001.pdf)) limits the capacity for bulk lithium insertion; however, the higher surface-to-volume ratio derived from the nanostructured material makes the contribution from interfacial storage dominant over the Faradaic mechanism.^[@ref52]^ A similar effect was introduced in the mp-TiO~2~ electrode in which the high surface area and porosity contributed to this pseudocapacitive lithium storage mechanism. Under these conditions, Maier et al.^[@ref50]^ have reported that further lithium ions (and electrons) are accommodated using a synergistic storage mode of a Li^+^-accepting phase and an electron-accepting phase at the solid--solid and solid--liquid interfaces in nanosized anatase TiO~2~ electrodes. Similarly, the samples containing TUD-1 showed very slow capacity changes with very small or no voltage plateau in the same potential range. This is attributed to a combination of capacitive (interfacial) and Faradaic ([Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}c) behavior of the electrode, as has been found in previous reports of SiO~2~--TiO~2~--C composites.^[@ref8],[@ref51],[@ref53]^

![Galvanostatic charge/discharge curves for electrodes consisting of mp-TiO~2~ (a) TUD-1 (b) and TiO~2~--TUD-1 (c). The cycle numbers are one (---blue), ten (---green), twenty (---purple), and fifty (---orange).](ao0c00406_0010){#fig7}

After the first cycle, large capacity losses were observed for the electrodes consisting of pure mp-TiO~2~ and COM-TiO~2~. This phenomenon has been reported as a consequence of the degradation of the electrolyte components and the formation of the SEI.^[@ref45]^ Differently, the cells made using purely siliceous TUD-1 electrodes showed negligible electrochemical activity ([Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}b) despite the theoretical capacity of TUD-1 (1695 mA h g^--1^). This is due to the slow Li^+^ diffusivity and low intrinsic electrical conductivity in the bulk SiO~2~.^[@ref4],[@ref54]^ In spite of the fading effects occurred on the surface of the anatase TiO~2~, this was minimized considerably using its TiO~2~--TUD-1 composite in which the SiO~2~-containing electrode did not present any initial capacity loss. This observation can be rationalized when considering the reported buffering properties of the SiO~2~ matrix in combination with the formation of grain boundaries by the introduction of Si--O--Ti bridges.^[@ref8],[@ref55]^

The profiles in [Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"} clearly support the synergetic behavior of the SiO~2~--TiO~2~ composites, whereas electrodes made from TiO~2~ display very high capacity loss and those made from TUD-1 have low capacities (but negligible fading), and an electrode made with the composite has much higher capacity and remarkable stability. The optimized formation of SiO~2~--TiO~2~ junctions facilitated using a bifunctional templating agent resulted in these higher capacities for the TiO~2~--TUD-1 electrode, making evident that the formation of grain boundaries has a beneficial effect during the lithium insertion/disinsertion cycles. In this regard, it has been reported that grain boundaries introduce an additional adsorptive mechanism, in addition to the absorptive mechanism involving lithium insertion/disinsertion ([Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}). This adsorptive increment of the capacity is also ascribed to the reversible interfacial reaction of lithium with the grain boundary phase in composite materials, and it is more prominent in nanoparticulate materials with high porosity.^[@ref3],[@ref7],[@ref9]^ For the binary TiO~2~--TUD-1 mesoporous compounds, the presence of Si--O--Ti bridges at the interface between SiO~2~ and TiO~2~ generates active sites as a result of the redistribution in the valence charges and chemical shift of the core-level binding energies.^[@ref4]^

![Different lithium storage mechanisms considered in this work such as lithium insertion and interfacial reaction in grain boundaries.](ao0c00406_0011){#fig8}

The cycling performances for the devices were tested up to 100 cycles, as shown in [Figure [9](#fig9){ref-type="fig"}](#fig9){ref-type="fig"}. These data confirm that the electrodes containing TiO~2~--TUD-1 composites perform better than those containing pure materials. In addition to higher capacities, the composite electrodes had better capacity retention upon cycling, especially the TiO~2~--TUD-1 electrode. This improved stability is particularly notable for composite electrodes in which a high dispersion of each component is achieved and therefore has a morphological component.^[@ref8],[@ref12],[@ref56]−[@ref58]^

![Cycling performance of TiO~2~ films cells and TiO~2~--TUD-1 composite electrodes in lithium-ion half-cells over the voltage window 2.5--0.01 V. Specific capacities (a) were calculated based on the weight of the active material. (b) Coulombic efficiencies measured for the electrodes made in this work.](ao0c00406_0012){#fig9}

Huang et al.^[@ref58]^ increased the capacity retention of LIBs by tightly pinning nanosized alloys on the surface of carbon nanoparticles. In the same way, the dispersion of discrete TiO~2~ domains in SiO~2~ and SiO~*x*~ matrices resulted in high capacity retention compared to the corresponding single components.^[@ref8],[@ref12],[@ref55]^ Under these conditions, the small change in volume of the TiO~2~ nanodomains helps minimize the mechanical stresses and buffer volume changes in the silicon oxide component.^[@ref8],[@ref55]^ Thus, this new stabilization mechanism was introduced using TEA as a bifunctional templating agent, which induces the formation of discrete TiO~2~ domains on the walls of the TUD-1 pores, explaining the excellent capacity retention as compared to single component electrodes. Moreover, a slight increase in the specific capacity was also observed in this electrode, which has also been observed in other SiO~2~-containing anodes.^[@ref8],[@ref14],[@ref59]^ The corresponding Coulombic efficiencies depicted in [Figure [9](#fig9){ref-type="fig"}](#fig9){ref-type="fig"}b showed efficiencies higher than 99% after the initial cycles and these efficiencies remained stable during cycling.

The rate capability of the mp-TiO~2~ and the TiO~2~--TUD-1 electrodes were also tested at rates from 0.1 to 5 A g^--1^. These results shown in [Figures [10](#fig10){ref-type="fig"}](#fig10){ref-type="fig"} and [S5](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c00406/suppl_file/ao0c00406_si_001.pdf) display better performance for the composite sample. Higher capacities of 292, 192, 148, 114, and 77 mA h g^--1^ were measured at 0.1, 0.5, 1, 2, and 5 A g^--1^, respectively, with lower capacity values found for the mp-TiO~2~ electrode of 250, 152, 127, 105, and 75 mA h g^--1^. Interestingly, an increase in the capacity to 313 mA h g^--1^ was observed after dropping back the rate to 0.1 A g^--1^ (cycles 31--40) for the composite electrode which could be expected from the results shown in [Figure [9](#fig9){ref-type="fig"}](#fig9){ref-type="fig"}a. Nonetheless, a decrease in the capacity to 196 mA h g^--1^ was observed for the mp-TiO~2~-based device corroborating the synergistic effect in TiO~2~--TUD-1 in the improvement of the capacity retention in lithium ion batteries.

![Rate capability of the as prepared mp-TiO~2~ electrode and the corresponding coin cell made with its composite TiO~2~--TUD-1.](ao0c00406_0003){#fig10}

To obtain information on the conductivity of the electrodes upon cycling and to better understand the improved performance of the as-prepared coin cells, electrochemical impedance spectroscopy (EIS) measurements were performed at open-circuit conditions after 30 cycles. The Nyquist plots shown in [Figure [11](#fig11){ref-type="fig"}](#fig11){ref-type="fig"} could be fitted to the equivalent circuit described in the inset of [Figure [11](#fig11){ref-type="fig"}](#fig11){ref-type="fig"}a with the semicircles at high and medium frequencies corresponding to the SEI and charge transfer resistance (*R*~f~ and *R*~ct~). The much smaller impedance semicircle measured for the TiO~2~--TUD-1 composite make evident the faster electron transfer kinetics of this electrode and better ionic conductivity in comparison to the mp-TiO~2~-based device.

![(a) Electrochemical impedance spectra in the form of Nyquist plots of both mp-TiO~2~ and TiO~2~--TUD-1 electrodes measured after 30 cycles at open-circuit conditions. (b) Relationship between Re *Z* and the angular frequency (ω^--0.5^) obtained from (a) in the low-frequency region.](ao0c00406_0004){#fig11}

The diffusion of lithium ions within the electrodes is indicated using the straight line in the low-frequency region and the impedance measured in this region is related to the angular frequency (ω) and the diffusion coefficient (*D*~Li~) using the Warburg factor (σ) according towith *R* as the gas constant, *T* the absolute temperature, *A* the surface area of the electrode, *n* the number of electrons transferred for the redox couple, and *F* the Faradaic constant (96 485.3329 C mol^--1^).^[@ref8]^ The relation between Re *Z* and ω^--0.5^ for both mp-TiO~2~ and TiO~2~--TUD-1 electrodes are shown in [Figure [11](#fig11){ref-type="fig"}](#fig11){ref-type="fig"}b with their corresponding Warburg factors. Under similar preparation conditions, the diffusion of lithium for both devices are related according to

The smaller Warburg factor supports the interpretation of better lithium diffusion (higher lithium diffusion coefficient) for the TiO~2~--TUD-1 electrodes in comparison to the mp-TiO~2~-based device. Additionally, the smaller intercept in the Re *Z* versus ω^--0.5^ plot also corroborates the interpretation of reduced charge transfer resistance in the composite electrode as it was expected from the Nyquist plots shown in [Figure [11](#fig11){ref-type="fig"}](#fig11){ref-type="fig"}a. Thus, a synergistic effect between TiO~2~ and SiO~2~ resulted in remarkably higher charge capacities and improved stability in comparison to similar devices made using commercial and bespoke synthesized anatase-based TiO~2~ electrodes. The improved performances of the devices were attributed to the interfacial reaction of lithium ions with grain boundaries containing Si--O--Ti bridges, improving the diffusion of lithium as confirmed by EIS. The use of bifunctional templating agents is a straightforward yet an effective pathway to improve the distribution of TiO~2~ domains in the SiO~2~ matrix and to ensure a good retention of the Si/Ti ratio after synthesis.

3. Conclusions {#sec3}
==============

This work showcases the synergistic combination of mesoporous SiO~2~ and TiO~2~ in the improvement of the charge capacity and the cycling stability of LIBs. By introducing mesoporous composites, an interfacial pseudocapacitive contribution was determined to operate in addition to the Li^+^ insertion/disinsertion mechanism. This interfacial reaction is then related to the high porosity and the associated presence of grain boundaries between the SiO~2~ and TiO~2~, resulting in high capacities and high capacity retention. The higher capacity found in the composite electrodes could be explained in light of EIS measurements, confirming a more efficient lithium diffusion on the electrodes containing grain boundaries between TiO~2~ and SiO~2~. Additionally, we showcase the effective use of a bifunctional templating agent to improve the dispersion of TiO~2~ nanoparticles on a silica matrix to improve their interaction, control the final Ti/Si molar ratio, and finally achieve higher mechanical resistance during charge/discharge cycles for devices with higher capacities. Future work will involve the optimization in the composition of the TiO~2~--TUD-1 as well as the use of other silica-based matrices such as MCM-41 and SBA-15 in combination with TiO~2~ domains. Finally, to improve the contact in C/TiO~2~--TUD-1 mixtures, the use of sucrose followed by thermal calcination has proven to be a more effective pathway to create C--TiO~2~--SiO~2~ composites. While beyond the scope of this work, this might be pursued gainfully.

4. Experimental Section {#sec4}
=======================

4.1. Synthesis of Mesoporous TiO~2~ (Mp-TiO~2~) {#sec4.1}
-----------------------------------------------

The synthesis of mesoporous anatase TiO~2~ spheres (mp-TiO~2~) was performed under a nitrogen atmosphere, following the method of Li, N, and so forth.^[@ref18]^ In a typical synthesis, 0.15 g of HPC was dissolved in a mixture containing sodium chloride (12 mmol) and ethanol (50 mL). To this solution, titanium(IV) butoxide (97% Sigma-Aldrich, 0.85 mL) was added. Then, the solution was stirred for 3 h, and the product was isolated by centrifugation, being spun down successively, and the supernatant was decanted with the pellets, resuspended in ethanol, and recentrifuged 3 times. The particles were then dried overnight at 60 °C, redispersed into 20 mL of an aqueous 0.12 mM solution of sodium fluoride, and stirred at 100 °C overnight under reflux. The resulting powder was centrifuged and dried under vacuum for 5 h.

4.2. Synthesis of TiO~2~--TUD-1 {#sec4.2}
-------------------------------

TiO~2~--TUD-1 samples were prepared using TEA and tetraethylamonium hydroxide (TEAOH) as the template and base agents, respectively (based on the method of Maschmeyer et al.).^[@ref16]^ Briefly, solutions of tetraethyl orthosilicate (TEOS, 0.01 mol) and titanium(IV) butoxide (TBOT) were prepared with different SiO~2~/TiO~2~ molar ratios (3:1 and 1:3 molar ratios). In a second flask, TEA (0.01 mol) and water (0.11 mol) were mixed and added dropwise to the mixed silica titania orthoester solution. Subsequently, TEAOH (0.003 mol) was added to reach a molar composition of 1 SiO~2~/X TiO~2~/0.3 TEAOH/1 TEA/11 H~2~O. The solution (approximately 10 mL) was aged for 24 h, dried at 98 °C for 24 h, and hydrothermally treated at 182 °C for 8 h in a 55 mL Teflon-lined stainless-steel autoclave. Finally, the resultant dark brown gels were calcined under static air at 600 °C for 10 h (ramp 1 °C/min), yielding a white powdery solid.

4.3. Characterization {#sec4.3}
---------------------

The crystal structures of the as-prepared samples were examined by powder X-ray diffraction (XRD, PANalytical X'Pert PRO MPD) using a Cu Kα (λ = 1.5419 Å) source. Morphological information was examined with field-emission scanning electron microscopy (Zeiss ULTRA plus). The composition of the TiO~2~--TUD-1 mixtures was determined by SEM--EDX using a Zeiss EVO 50 SEM with an AZtec EDS system, employing a large area X-Max 80 mm^2^ silicon drift EDS detector (Oxford Instruments). TEM was performed using a JEOL 2200 at an acceleration voltage of 120 kV. The N~2~ adsorption--desorption isotherms were obtained using a Micromeritics ASAP 2020 Accelerated Surface Area and Porosity analyser at 77 K. The samples were degassed at 100 °C before analysis. Electrochemical characterization was done using a BioLogic SP300 potentiostat, and the data collected were processed using the software package EC-Lab. Cyclic voltammograms were performed at a scan rate of 0.05 mV/s between 0.01 and 3.0 V. Impedance spectroscopy was conducted with a voltage of 5 mV over a frequency range of 10^6^--10^--1^ Hz.

4.4. Coin Cell Construction {#sec4.4}
---------------------------

TiO~2~ and TiO~2~--TUD-1 samples were mixed with poly(vinylidene fluoride) (PVDF, Aldrich, \>99%) and conductive Super P carbon (Alfa Aesar, \>99%) at a mass ratio of 14:3:3 and stirred overnight in 2 mL of 1-methyl 2-pyrrolidinone (NMP, Alfa Aesar, \>99%). The slurry was spread onto a clean copper surface to obtain a 20 μm thick film that was then dried in an oven at 110 °C. The copper sheets were cut to obtain disks to be used as the working electrodes in a Li--metal half cell. The coin cells (the components of which were purchased from MTI) were then assembled in a glovebox under an argon atmosphere. The electrolyte consisted of 1 M lithium hexafluorophosphate solution (LiPF~6~, Sigma-Aldrich) in a 50/50 v/v mixture of ethylene carbonate (EC, Sigma-Aldrich) and diethyl carbonate (Sigma-Aldrich). Layers were assembled in the order of the bottom case, anode, polypropylene separator (Celgard), electrolyte, lithium metal (MTI), spacer (stainless steel), wave spring, and top case. Coin cells were cycled on a Neware battery testing system using a voltage window of 0.01 to 2.5 V. Nanosized TiO~2~ (COM-TiO~2~, \<25 nm particle size, Aldrich, 99.7% anatase) was used as received for comparison purposes.

The Supporting Information is available free of charge at [https://pubs.acs.org/doi/10.1021/acsomega.0c00406](https://pubs.acs.org/doi/10.1021/acsomega.0c00406?goto=supporting-info).Additional XRD, SEM, and electrochemical information ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c00406/suppl_file/ao0c00406_si_001.pdf))
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